Since the isolation of hyaluronic acid from vitreous humour by Meyer & Palmer (1934) , there has been some uncertainty concerning the relationship between the polysaccharide and protein in vivo; Jeanloz (1956) has drawn attention to the need for more information on the relationship between proteins and mucopolysaccharides in general. Most methods of preparation have been designed to remove all protein from the polysaccharide. However, Ogston & Stanier (1950 , 1952 claimed that hyaluronic acid isolated from ox synovial fluid by filtration is in the form of a firm complex with a definite proportion of protein, and that attempts to remove this affect the physicochemical properties of the material in solution, particularly its nonNewtonian viscosity. Curtain (1955) showed that this protein is mainly an oc-globulin under physiological conditions.
In the present work, specific degradation of this protein has been used to obtain critical proof that it plays an essential part in the constitution and properties of the complex. The results suggest the possibility that systems containing hyaluronic acid may be susceptible to proteinase action in vivo, and that such action may play a part in the pathology of diseases in which hyaluronic acid is affected. (Baird & Tatlock Ltd.) ; the buffer used for washing was 0 2M-NaCl, 0-0077M-Na2HPO4, 0-0023m-KH2PO4 (pH 7-3). The complex was finally dissolved in the required buffer, to about half the volume of the original fluid and centrifuged at 73 000 g for 30 min. Some samples showed an appreciable amount of 'fast component' (Johnston, 1955) Trypsin. Crystallized trypsin (Armour Laboratories, salt-free) was used, of stated activity 2740 Armour units/g. Stock solutions contained 1 g./100 ml. of buffer.
EXPERIMENTAL
Ox-serum albumin. Crude albumin was prepared from ox serum. The globulins were removed by 50 % saturation with ammonium sulphate. The albumin was then precipitated by 80% saturation with ammonium sulphate, separated by filtration, dialysed against water and freeze-dried.
Buffers. For the experiments with papain the buffer was 0-0453M-Na2HPO4, 0-0213M-KH2PO4 (pH 7-0); for experiments with chymotrypsin and trypsin the buffer was 0 0533M-Na2HPO4, 0-0133M-KH2PO4 (pH 7.4).
Methods
Total nitrogen. This was determined by the microKjeldahl method. A selenium catalyst (Fawcett, 1954) with 6 hr. digestion and the Markham (1942) (1948) . The optical system was Baldwin's (1953) modification of the diagonal-schlieren method of Philpot (1938) .
Treatment of the complex with papain. Stock (1 %) solution of papain was first activated by addition of KCN and ethylenediaminetetra-acetate (EDTA) in amounts to give concentrations of 5 mM in the reaction mixture. The reaction mixture was made by adding 1 ml. of the activated papain to 10 ml. of a solution containing approx. 0-2 g. of complex/100 ml. of buffer, pH 7*0. In preliminary experiments, in those on the effect ofdigestion on mucin formation, and in the digestion performed in the Couette viscometer, the temperature of incubation was 250; in all other experiments incubation was for 24 hr. at 40, to reduce the chance of bacterial contamination. Solutions were examined microscopically after incubation, and no micro-organisms could be seen.
Inhibition of papain. Papain was inhibited by treatment with HgCl2 at a final concn. of 1 mm (Krebs, 1930 (Krebs, , 1931 Kimmel& Smith, 1954) or with iodoacetamide at a finalconcn. of 0-25 mm (Kimmel & Smith, 1954) for 2 hr. at room temp. and 10 hr. at 40 before use. The inhibitions were shown to be complete by the milk-clotting test of Balls & Hoover (1937) .
Treatment of complex with chymotrypsin and trypsin. This was performed as with papain, with the omission of KCN and EDTA, in buffer (pH 7.4) for 24 hr. at 4°.
Detection of proteolysis. The proteolytic actions of the enzymes on complex were tested by the method of Anson (1938) .
Effect ofproteolysis on the precipitation of mucin. Three ml.
of an approx. 0-2% solution of complex was mixed with 0 5 ml. of stock enzyme and incubated for 2 hr. at 250. It was then brought to pH 4-3 with 10 % (v/v) acetic acid and 1-2 ml. of 1 % ox-serum albumin was added. The appearance of the precipitate was compared with that obtained with undigested complex.
Recovery of hyaluronic acid after digestionof complex. After treatment of complex with papain, the digestion mixture was treated by filtration, as in the isolation of complex from synovial fluid, with five washings on the filter with buffer (pH 7 0). RESULTS Detection of proteolysis of the complex. Qualitative experiments by the method of Anson (1938) gradient (in the Ostwald viscometer) was little affected. Fig. 2 shows the time course of the effect on viscosity at 25°. Papain inhibited by mercuric chloride or byiodoacetamide (Fig. 3) , chymotrypsin, trypsin and chymotrypsin and trypsin together, had no effect on the viscosity after 24 hr. digestion at 4°. Treatment of complex with 0-8 mM-cysteine (equivalent to approx. twice the -SH of the papain used) in the same buffer containing KCN and EDTA had no effect on the viscosity.
Effect of proteolysi8 on mucin formation. Untreated complex, or complex treated with chymotrypsin or trypsin, or with 0x8 mm-cysteine, gave a normal mucin precipitate, which rapidly contracted into a compact clot, leaving the remaining solution quite clear. Complex treated with papain gave a friable, fragmented precipitate, part of which remained finely dispersed in the solution. Properties of hyaluronic acid recovered after treatment of complex with papain. The material isolated after five filtrations accounted for only 42% of the weight of the original complex, the remainder having passed through the filter; this lost material must have comprised nearly half of the polysaccharide of the complex, as well as most of its protein. The nitrogen content of the recovered material was 3x8 %, compared with 5 9 % in the untreated complex. Ogston & Stanier (1952) showed that, after thorough dialysis, about half the carboxylic groups are ionized; the expected nitrogen content for dialysed sodium hyaluronate, consisting ofhalf-ionized glucuronic acid-acetyl glucosamine co-polymer, is 3-6 %.
The intrinsic viscosity of the recovered material was measured in the Ostwald viscometer (Fig. 4) and its sedimentation in the ultracentrifuge was measured at three concentrations, and extrapolated to zero concentration by plotting 1/S20 against concentration (Fig. 5) . The results are given in Table 1 . DISCUSSION The observations that papain hydrolyses the protein component of the hyaluronic acid complex, whereas chymotrypsin and trypsin are without action, closely resemble those made by Muir (1956) [,], is the intrinsic viscosity, c being in g./100 ml.; M is the average particle weight, p the ellipticity, and V' the hydrodynamic specific volume, based on a spheroidal model of the particle . The values for untreated complex are taken from Fessler, Ogston & Stanier (1954) . 
Treated
Untreated material material 6-9 14-7 3-1 3.3 22 55 2 10 7-7 8-3 230 510 u -an important effect on the physicochemical properties of the material. Calculation of the particle characteristics by the method of Fessler & Ogston (1951) and (Table 1) shows that a marked decrease of the average particle weight has occurred; the apparent ellipticity p is little affected; the reduction of the hydrodynamic specific volume V' would be expected to accompany a reduction of the particle weight of a random-coil type of material. The possibility that this degradative action of papain may be due to an action other than proteolytic is excluded. Crude papain contains a lysozyme (Meyer, Hahnel & Steinberg, 1946; Smith, Kimmel, Brown & Thompson, 1955) which might attack the polysaccharide component. However, the activity of this in twice-crystallized material at pH 7 0 is very low and its action is unaffected by iodoacetamide and only partly inhibited by mercuric chloride (Smith et al. 1955) . These completely inhibit the proteolytic activity of papain and abolish its actions on the hyaluronic acid complex. Mercuric chloride is not known to inhibit any hyaluronidase.
These findings suggest that hyaluronic acid occurs in synovial fluid, under physiological conditions, as a complex with protein which may serve to bind the polysaccharide units together. Removal of this protein leads to important changes in the physicochemical properties of the material. Claims have been made at various times (e.g. Roseman, Watson, Duff & Robinson, 1955) to have prepared hyaluronic acid complex from synovial fluid, in an undegraded state but containing a substantially lowered proportion of protein; but in no such case has it been established satisfactorily that its physicochemical properties are unchanged. It must be remembered that viscosity measured at high velocity gradient is rather insensitive to the type of change brought about by removal of protein.
The precipitation of hyaluronic acid as mucin has been widely used (for example, in the turbidimetric method of Kass & Seastone, 1944) to estimate hyaluronic acid; and also, from the type of the precipitate obtained, to assess whether hyaluronic acid is in a normal or altered state in patients suffering from rheumatic disease. The action ofhyaluronidase is known to affect the amount and type of the precipitate, and changes in these have usually been ascribed to degradative changes, or to alterations of the degree of polymerization, of the polysaccharide. Our results show that caution is needed in accepting such interpretation, since the type of precipitate is shown to depend also on the presence or state of the protein which forms a complex with hyaluronic acid.
The action of hyaluronidase is often assumed as a factor in the metabolism of tissue hyaluronic acid and as a cause of pathological changes in tissue ground substance, though the evidence for its occurrence or action is not strong (Mathews & Dorfman, 1955) . The possibility that proteolytic enzymes may act in such systems should also be considered. SUMMARY 1. Activated papain attacks the protein component of the hyaluronic acid complex of ox synovial fluid, leading to removal of protein from the polysaccharide. Papain inhibited with mercuric chloride or iodoacetamide, chymotrypsin and trypsin are without action.
2. Proteolysis causes a strong reduction of the non-Newtonian viscosity of solutions of the complex, while having relatively little effect on the viscosity measured at high velocity gradients. The sedimentation rate is lowered, and the average particle weight is reduced fivefold.
3. The character of the mucin clot formed by hyaluronic acid complex with protein at acid pH is altered by treatment with papain.
4. It is concluded that protein, in complex with hyaluronic acid, is essential to its maintenance in the state in which it occurs in synovial fluid in vivo.
